We investigate the constraints on four-Fermi contact interactions from low-energy lepton-quark and lepton-lepton scattering experiments -polarization asymmetries in electron (muon)-nucleon scattering experiments, cesium and thallium atom parity violation measurements, neutrino-nuclei and neutrino-electron scattering experiments. These constraints are then combined by assuming the lepton and quark universalities and SU(2) L × U(1) Y gauge invariance of the contact interaction, which leave independent six lepton-quark and three pure-leptonic interactions. Impacts of these constraints on models with an additional Z-boson are briefly discussed. We also present updates of the low-energy constraints on the S and T parameters.
Introduction
Searching for an evidence of physics beyond the Standard Model (SM) is one of the most important subjects in the field of particle physics. Up to now, no particles other than the SM particles have been found at collider experiments. This fact implies that the mass scale of new particles should be larger than several hundred GeV.
Low-energy neutral current (L.E.N.C.) phenomena is mediated by exchange of the photon and the Z-boson in the SM. We can parametrize new physics contributions to L.E.N.C. phenomenon as effective four-Fermi contact interactions. Generally, the effective contact interactions for neutral currents among quarks and leptons can be parametrized as
where f, f ′ stand for lepton and quarks, α, β = L, R denote their chirality: P L(R) =
(1 − (+)γ 5 )/2. The coefficients η ℓq αβ have the dimension of (mass) −2 which is often expressed as [1, 2] ,
(1.
2)
The experimental limits of the scale Λ are given for some combinations of (f, f ′ ), (α, β) and the overall sign factor (+, −) [2] . If the contact interactions are results
of an exchange of an extra heavy neutral vector boson Z E , they are given by
where g f α and g f ′ β are the Z E -boson couplings to f α and f ′ β , respectively. An exchange of a heavy boson in the "s-channel" of the processes f f ′ −→ f f ′ or f f ′ −→ f f ′ can also be expressed in the form of (1.1) as long as we ignore the contribution which does not interfere with the leading SM amplitudes.
In this report, we present constraints from low-energy electroweak measurements on the coefficients η f f ′ αβ , in order to take advantage of the model-independent nature of the parametrization (1.1). As a simple example, the constraints on the η f f ′ αβ terms are used to derive constraints on an extra Z boson parameters.
Recently there have been renewed interest in the possible existence of new interactions between quarks and leptons because of an excess of events at high Q 2 e + p inelastic scattering at HERA, which was reported by H1 [3] and ZEUS [4] collaborations. Such an excess of events may be reproduced by introducing some lepton-quark contact interactions [5] . Therefore, it is worth examining constraints on those contact interactions from all low-energy electroweak measurements as model-independent as possible.
We study in this report the following four types of low-energy electroweak experiments; (i) polarization asymmetry of the charged lepton scattering off nucleus target, (ii) parity violation in cesium and thallium atoms, (iii) inelastic ν µ scattering off nucleus target and (iv) ν µ (ν µ ) -electron scattering experiments. Individual experiment receives contributions of a different combination of the contact interactions. We therefore present constraints on the contact terms from each experiment separately. These constraints are then combined by assuming that the contact interactions satisfy the flavor universality and the SU(2) L × U(1) Y gauge invariance of the SM. This paper is organized as follows. In the next section, we review the approach of Ref. [6] that we adopt for calculating the low-energy electroweak observables with the model-independent framework of Ref. [7] . Section 3 is devoted to survey the experimental data corresponding to the above four types of experiments. The SM predictions are given both as functions of m t and m H in the minimal SM and as a function of S and T [8] in generic SU(2) L × U(1) Y model. We adopt the slightly modified version of the S and T variables that was introduced in Ref. [6] . In section 4 we present individual constraints on the S and T parameters in the generic SU(2) L × U(1) Y model, and compare the low-energy constraints with the constraints from the Z-pole experiments [9] . They update the results of Ref. [6, 10, 9] . In section 5 we obtain constraints on the contact interactions by assuming no new physics contributions to the S and T parameters. In section 6, we present constraints on models with an extra Z-boson as an example of the use of our model-independent parametrization of the low-energy data in terms of the four-fermi contact interactions.
Framework
The effective Lagrangian for the lepton-quark four-Fermi interaction is given as follows;
where ℓ = e, µ, τ and q = u, d. Adding to the model-independent parameters C 1q and C 2q of Ref. [7] , we introduce the parameter C 3q as the coefficient of the axial vector-axial vector current. They can be expressed in terms of the helicity amplitude M ℓq αβ of Ref. [6] as
2a)
2b)
With the above identification, q 2 -dependence of higher order electroweak effects are The terms ∆C iq receive contributions from the contact interactions,
For neutrino-quark scattering, it is conventional to introduce the model inde-
where, u α and d α are given by using the helicity amplitude as [6] ,
The 'SM' contributions are obtained from Refs. [6, 9] and the contribution from the contact interactions is
For the neutrino-electron scattering experiments, we use the experimental data of the total cross sections for ν µ -e andν µ -e scatterings, which are expressed in terms of the helicity amplitude as [6] ; 
where S ′′ is defined by
14)
The parameter δ α ≡ 1/ᾱ(m 2 Z )−128.72 was introduced in Ref. [6] to take care of the uncertainty inᾱ(m 2 Z ). The recent estimation by Eidelman and Jegerlehner [11] gives δ α = 0.03 ± 0.09 [9] . In the minimal SM, the S and T -parameters are parametrized by m t and m H as [9] ,
15b) where x t and x H are
It is convenient to introduce the following parameters; 3 Low-energy electroweak observables
Polarization asymmetry of charged lepton-nucleus scattering
In this subsection, we study four experiments on charged lepton-nucleus scattering, in which two types of observables were measured. First, polarization asymmetry A of charged lepton scattering off nucleus target
has been measured in eD-scattering at SLAC [12] , in eC scattering at Bates [13] and in eBe scattering at Mainz [14] . Here dσ L(R) denotes the differential cross section of the left-(right-) handed lepton scattering off target. These are Parityodd asymmetries. Another type of the asymmetry is the polarization and charge
where dσ − R(L) is the differential cross section of right-(left-) handed negatively charged lepton scattering off nucleus target, wheres dσ + R(L) denotes those of positively charged anti-lepton scattering. The parameter B has been measured in µ ± C scattering at CERN [15] . The measurement of the asymmetry parameter A constrains a combination of C 1q and C 2q , wheres the asymmetry B constrains the parameter C 3q .
SLAC eD experiment
The historic SLAC experiment [12] that established parity violation in the electronquark neutral current scattering still gives non-trivial constraints on new physics contribution. Here we quote the results of the analysis of Ref. [6] . The parameter A SLAC is expressed in Ref. [6] as
where the terms b and c represent deviations from the valence-quark approximation. After studying the uncertainties in the correction terms b and c, the following constraints were obtained [6] for the model-independent parameters 2C 1u − C 1d = 0.94 ± 0.26
The theoretical prediction within the generic SU(2)
GeV 2 is given as;
The minimal SM predicts
Charge and polarization asymmetry of µ ± deep inelastic scattering off 12 C target has been measured at CERN [15] . In the parton model, the asymmetry parameter B is given as
where λ denotes the effective µ ± beam polarization. Here we assumed that charm and strange quarks have the same effective interaction as up and down quarks, respectively:
. The superscript µ is put to remind us that these parameters are for the µ-q scattering. All the other experiments are done for electron scatterings, and the corresponding superscript e is suppressed. q(x), q(x) and D(x) are expressed in terms of the quark and anti-quark distribution functions in the nucleus as
The experiment has been performed at two different beam energies, E = 200 GeV and 120 GeV. The mean momentum transfer of the experiments may be estimated as Q 2 ≃ 50 GeV 2 [16] . The experimental data give the following constraints on the coefficients of C 2q and C 3q ; (i) E = 200 GeV:
(ii) E = 120 GeV:
Combining the above two constraints, we find
The theoretical prediction of the generic SU(2)
50 GeV 2 is given as;
The minimal SM predicts,
The superscript µ has been suppressed since the predictions of the SM and the generic SU(2) L × U(1) Y model are essentially the same for e and µ. The difference between the predictions for 2C 2u − C 2d in Eqs. (3.5) and (3.12) reflects different Q 2 of the two experiments.
Bates eC experiment
The polarization asymmetry parameter A of electron elastic scattering off 12 C target has been measured at Bates [13] 
Here we neglected contribution from quarks other than the u and d quarks, which have been estimated to be small under the condition of the experiment [17] at a typical momentum transfer of Q 2 = 0.0225 GeV 2 . From the experimental data
we find by using 4π/ē 2 (−0.0225 GeV 2 ) = 135.87,
The corresponding theoretical prediction at Q 2 = 0.0225 GeV 2 is found to be 17) in the generic SU(2) L × U(1) Y model, and 18) in the minimal SM.
Mainz eBe experiment
At Mainz, polarization asymmetry of electron quasi-elastic scattering off 9 Be target has been measured [14] . The experiment was performed at the mean momentum transfer Q 2 ≃ 0.2025 GeV 2 . In this experiment, the asymmetry parameter A M ainz can be expressed by the following combination of the model independent parameters [14] ; 19) and the experimental result is given by
Here the error is obtained by taking the quadratic sum of the theoretical and experimental ones as quoted in Ref. [14] .
The theoretical prediction in the generic SU(2) 21) and that of the minimal SM is,
Atomic Parity Violation
The experimental results of parity violation in atoms are often given in terms of the weak charge Q W (A, Z) of the nuclei. Using the model-independent parameter C 1q , the weak charge of a nuclei (A, Z) can be expressed as;
where two coefficients C 1p and C 1n are given in terms of C 1u and C 1d as [6] C 1p ≈ 2C 1u + C 1d + 0.01349, (3.24a)
The theoretical prediction for C 1u and C 1d is found to be
in the minimal SM.
There are two accurate measurements of the weak charge in the cesium atom [18, 19] ;
−71.04 ± 1.58 ± 0.88 [18] , −72.11 ± 0.27 ± 0.88 [19] , (3.27) where the first error is experimental while the second one is theoretical. Both theoretical errors come from the same estimation [20] , and hence they are 100% correlated. By combining these two data, we obtain The result in the second line is obtained in Ref. [23] where Q W was extracted from the report [22] of the Oxford group. In Ref. [21] , a part of the theoretical error that has been accounted for in Ref. [22] was not included. Therefore we replaced the theoretical error of Ref. [21] by ±4.0, following Ref. [23] . The two common theoretical errors are again 100% correlated. The combined result is given by 
ν µ -quark scattering
For neutrino-quark scattering, the experimental results are presented by using the model-independent parameters g 2 α and δ 2 α (or equivalently q α ) of Ref. [24] . We examine two independent sets of experimental data; the results of all the old neutrino-nucleus scattering experiments as summarized by Fogli and Haidt (FH) [24] and the recent CCFR measurement [25] .
The result of Ref. [24] can be expressed as [6] The experiment of CCFR collaboration has been done at slightly higher momentum transfer Q 2 CCFR = 35 GeV 2 . The result was given for the following combination of the model-independent parameters [25] ; The Q 2 -dependences of the theoretical predictions turned out to be negligibly small.
ν µ -electron scattering
There are three experimental results for the ν µ -electron scattering [26] . Here we use the combined data which are expressed in terms of the cross sections [6] (ii)APV experiments; The combined result of parity violation experiments in the cesium and thallium atoms is given by
As emphasized in Ref. [23, 27] , the APV experiments constrain mainly the S parameter.
(iii) ν µ -q scatterings; From the two data sets of the ν µ -q scattering experiments given in section 3.3, the following constraint is obtained, We show in Fig. 1 our results of the individual constraints, (4.1), (4.2), (4.3) and (4.5) as well as the combined result (4.6) for δ α = 0.03 [11] . When compared with corresponding result of Refs. [10, 9] , significant improvements are found in the constraints from the APV and the ν µ -q scattering experiments. Constraints from the ℓ-q scattering experiments are only slightly improved by including the CERN µ ± C, Bates eC and Mainz eBe experiments in the analysis.
Comparison with LEP/SLC data
From the updated Z shape parameter measurements by LEP/SLC, the effective
) have been extracted in Ref. [9] . It is assumed that 
is constrained by the hadronic decay width of the Z-boson. Then, by taking α Here the combination S ′ = S − 0.72δ α is determined from thes 2 (m 2 Z ) measurement [9] . It is slightly different from the combination S ′′ of Eq. (2.14) which is constrained from thes 2 (0) measurement at low-energies. The difference coms from the uncertainty in the hadronic corrections to the running of the effective chargeē
Z and q 2 = 0; see Appendix B of Ref. [6] .
The result is shown in Fig. 1 for δ 
Constraints on contact terms
In this section, we study the constraints on the contact interactions from all the L.E.N.C. data.
Constraints on general contact interactions
In Here and in the following, we adopt the SM predictions for m t = 175 GeV and m H = 100 GeV (and δ α = 0.03 [11] ). Effects of small changes in the SM predictions for different values of m t and m H (or for S and T ) can easily be accounted for by using the parametrizations given in section 3.
The CERN µ ± C experiment is used to extract the model independent parameters C The contact term contributions to the model-independent parameters ∆C iq and ∆q α are found in Eqs. (2.7) and (2.9), respectively.
From the ν µ -e scattering experiments, (3.37), we find (ii) quark universality Therefore, low-energy electroweak experiments do not require any new interactions.
Discussion
In this paper, we have studied the constraints on the four-Fermi contact interactions from low-energy electroweak experiments. From the polarization/charge asymmetry measurement of charged lepton-nucleus scattering experiments, atomic parity violation experiments, and from neutrino-quark scattering experiments, constraints on the lepton-quark contact interactions were obtained, while neutrinoelectron scattering experiments constrain the lepton-lepton contact interactions.
By assuming the flavor universality and the SU(2) L × U(1) Y gauge invariance of the contact interactions, those constraints are parametrized conveniently as the constraint (5.20c) for the six lepton-quark contact terms and (5.22) for the two pure-leptonic contact terms. By using our result, it is easy to examine consequences of models of new physics that affect low-energy electroweak observables. As an example, we briefly study 
